The highly conserved Wnt secreted proteins are critical mediators of cell-to-cell signaling during development of animals. Recent biochemical and genetic analyses have led to significant insight into understanding how Wnt signals work. The catalogue of Wnt signaling components has exploded. We now realize that multiple extracellular, cytoplasmic, and nuclear components modulate Wnt signaling. Moreover, receptor-ligand specificity and multiple feedback loops determine Wnt signaling outputs. It is also clear that Wnt signals are required for adult tissue maintenance. Perturbations in Wnt signaling cause human degenerative diseases as well as cancer.
INTRODUCTION
The Wnt family of signaling molecules regulates numerous processes in animal development and has increasingly been implicated in tissue homeostasis in adult organisms. Wnt proteins are secreted from cells and act on target cells through a pathway that, compared to other signaling pathways, is unusually complex and subject to extensive feed-back control. The understanding of this pathway, in particular the central role of β-catenin has historically been mostly based on genetics in model organisms, but is now also supported by biochemical and structural insight. Wnt signals are extremely pleiotropic in their activity, with consequences ranging from mitogenic stimulation to differentiation, changes in polarity and differential cell adhesion. Just like is the case for other embryonic signaling factors, the nature of the response to Wnts is to a very large extent determined by the responding cells. Wnt malfunction is implicated in various forms of disease, including cancer and degenerative diseases. In the light of these findings, it is anticipated that a detailed analysis of Wnt signaling will aid in alleviating these diseases and that Wnt proteins can be developed into important reagents for cell fate control, including stem cells.
WNT GENES, PROTEINS
Wnt genes are defined by sequence, encoding proteins that have a characteristic cysteine pattern plus other conserved residues, rather than by functional properties. The finished genomes of mammals and invertebrate organisms has led to catalogues of 19 Wnt genes in the human and the mouse, 7 in Drosophila, and 5 in C. elegans. Between Drosophila and mammals, there is fairly extensive conservation of Wnt genes, so that orthologs can readily be recognized.
Wnt proteins have only recently been characterized. To some extent, early difficulties in isolating active Wnts are now explained by the finding that Wnt molecules are palmitoylated and therefore much more hydrophobic than predicted from the primary amino acid sequence [1] . The palmitoylation is on a cysteine that by mutant analysis is essential for function. Treating Wnt with the enzyme acyl protein thioesterase results in a form that is not hydrophobic anymore, and not active either, strengthening the evidence that the palmitate is important for signaling. Because this cysteine is conserved in all known Wnt proteins, it is likely that all Wnts are palmitoylated. It remains an intriguing question how palmitoylated Wnt molecules are transported. Are there carrier molecules that bind directly to the lipids? Or are the proteins always tethered to membranes, even when shuttled between cells?
WNT RECEPTORS
Our understanding of the reception of Wnt signaling has greatly been improved over the past years. Genetic and biochemical data have led to the consensus view that the Frizzled (Fz) molecules are primary receptors for Wnts [2] . Frizzled receptors are 7 transmembrane molecules with a long amino-terminal extension called CRD (cysteine-rich domain). Wnt proteins bind directly to the CRD of Fz [2] [3] [4] . Wnt signaling requires not only a functional Fz, but also the presence of a long single pass transmembrane molecule of the LRP (LDL receptor related protein) class, identified as the gene arrow in Drosophila [5] and as LRP5 or 6 in vertebrates. It has been proposed but not always confirmed that Wnt molecules can also bind to LRP and form a trimeric complex with a Frizzled. The cytoplasmic tail of LRP may interact directly with Axin, one of the downstream components in Wnt signaling [6] .
HOW DO THE WNT RECEPTORS SIGNAL?
Little is known about the mechanism of action of Frizzled signaling. Binding of ligand may, in analogy with other receptors, lead to a reconfiguration of the transmembrane domains. The overall topology of the Frizzled molecules, in particular the heptahelical signaling domain suggests that these receptors are able to signal through heterotrimeric G proteins. The most direct test of such a mechanism is to add a known Wnt ligand to cells expressing the cognate Frizzled receptor and examine the immediate consequences. For reasons outlined above, experiments along these lines are complicated and several workers have therefore used an indirect approach expressing chimeric receptors. These experiments have suggested that chimeric receptors would signal through a G protein but it remains to be shown that natural Fz molecules couple to a heterotrimeric G protein.
A candidate molecule that may directly interact with Fz is dishevelled. The Dsh gene is known to be required for Wnt signaling [7, 8] and it is genetically upstream of the other known components. Wnt signaling leads to differential phosphorylation of Dsh, a process that is mediated by several protein kinases of which the Par1 kinase is the most likely candidate to be regulated by the signal.
The co-receptor, LRP, may also contact a cytoplasmic component of the pathway, as it has been reported that Axin can interact with the cytoplasmic tail of LRP [6, 9] . This suggests that Wnt signaling can lead to the formation of a complex including the two receptors, plus Axin and Dsh. Direct interactions between Axin and Dsh, possibly through the DIX domain that they both contain would then be the first step in reconfiguring the destruction complex containing β-catenin.
WNT SIGNALING WITHIN THE CELL
A hallmark of Wnt pathway activation is the elevation of cytoplasmic β-catenin protein levels (Fig. 1) . In the absence of Wnt signaling, β-catenin is phosphorylated by the serine/threonine kinases, Casein Kinase [10] [11] [12] and GSK-3 [13] . The interaction between these kinases and β-catenin is facilitated by the scaffolding proteins, Axin and APC [14, 15] . Together, these proteins form α-catenin 'degradation complex,' which allows phosphorylated β-catenin to be recognized by β-TrCP, targeted for ubiquitination, and degraded by the proteosome [16] [17] [18] .
Activation of Wnt signaling inhibits β-catenin phosphorylation and hence its degradation. The elevation of β- Fig. 1 The canonical Wnt signaling pathway. In cells not exposed to a Wnt signal (left panel), β-catenin is degraded through interactions with Axin, APC, and the protein kinase GSK-3. Wnt proteins (right panel) bind to the Frizzled/LRP receptor complex at the cell surface. These receptors transduce a signal to Dishevelled (Dsh) and to Axin, which may directly interact (dashed lines). As a consequence, the degradation of β-catenin is inhibited, and this protein accumulates in the cytoplasm and nucleus. β-catenin then interacts with TCF to control transcription. http://www.cell-research.com Cell Research, 15(1):28-32, Jan 2005 | www.cell-research.com Wnt signaling in disease and in development catenin levels leads to its nuclear accumulation and complex formation with LEF/TCF transcription factors. β-catenin mutant forms that lack the phosphorylation sites required for its degradation are Wnt un-responsive and can activate Wnt target genes constitutively [13, 19] . β-catenin, APC and Axin mutations that promote β-catenin stabilization are found in many different cancers, indicating that constitutive Wnt signaling is a common feature in many neoplasms (reviewed in [20] ).
Current approaches to elucidate the mechanisms of catenin regulation include attempts to determine the structure of the degradation complex. There are now crystallographic structures of Axin contacting catenin [21] and Axin bound to APC [22] .
SIGNALING IN THE NUCLEUS
The increased stability of β-catenin following Wnt signaling leads to the transcriptional activation of target genes in the nucleus. This is regulated by the β-catenin interactions with the TCF/LEF DNA binding proteins. In the absence of the Wnt signal, TCF acts as a repressor of Wnt/Wg target genes [23] , by forming a complex with Groucho [24] . The repressing effect of Groucho is mediated by interactions with Histone Deacetylases (HDAC), which are thought to make DNA refractive to transcriptional activation [25] .
Once in the nucleus, β-catenin is thought to convert the TCF repressor complex into a transcriptional activator complex. This may occur through displacement of Groucho from TCF/LEF and recruitment of the histone acetylase CBP/p300. CBP may bind to the β-catenin-TCF complex as a co-activator [26, 27] , a hypothesis that remains to be tested directly. Another activator, Brg-1, is a component of the SWI/SNF chromatin remodeling complex which, with CBP, may induce chromatin remodeling that favors target gene transcription [28] .
Further interactions between the β-catenin-TCF complex and chromatin could be mediated by Legless (Bcl9) and Pygopos [29] [30] [31] . Mutations in either of these genes result in wingless-like phenotypes in Drosophila, and both genes promote Wnt signaling in mammalian cell culture experiments [30] .
ACTIVATION AND REPRESSION OF TARGET GENES
The Wnt pathway has numerous transcriptional endpoints. The large majority of these is cell type specific, i.e. are only activated in certain cells. This specificity is commonly seen in developmental signaling pathways, and reflects the fundamental mechanism of gene control by extracellular signals: the cell rather than the signal determines the nature of the response. But in addition to the cell type specific genes, Wnt signaling also controls genes that are more widely induced. Interestingly, this set of genes include many components of the pathway itself, or among them are genes that are most likely directly activated by the Wnt-β-catenin-TCF cascade
WNT SIGNALING IN CANCER AND HUMAN DISEASE
Given the diverse phenotypes produced by Wnt knockouts in mice, it is not surprising that loss of Wnts in humans has dire consequences as well. Recently, Tetraamelia, a rare human genetic disorder characterized by absence of limbs, has been proposed to result from WNT3 loss of function mutations [32] .
In adults, mis-regulation of the Wnt pathway also leads to a variety of abnormalities and disease. An LRP mutation has been identified that causes increased bone density at defined locations such as the jaw and palate [33, 34] . The mutation is a single amino-acid substitution that makes LRP5 insensitive to Dkk-mediated Wnt pathway inhibition, indicating that the phenotype results from over-active Wnt signaling in the bone [34] . In a different study, mutations in LRP5 were correlated with decreased bone mass [35] . In this case, frame shift and missense mutations were thought to create loss-of-function LRP5 mutations. These data indicate that Wnt signaling mediated by LRP5 is required for maintenance of normal bone density.
Mutations that promote constitutive activation of the Wnt signaling pathway lead to cancer. The best-known example is Familial Adenomatous Polyposis (FAP), an autosomal, dominantly inherited disease in which patients display polyps in the colon and rectum. This disease is caused most frequently by truncations in APC [36, 37] that promote aberrant activation of the Wnt pathway leading to adenomatous lesions due to increased cell proliferation. Mutations in β-catenin and APC have also been found in sporadic colon cancers and a large variety of other tumor types (reviewed in [20] ). Loss-of-function mutations in Axin have been found in hepatocellular carcinomas [38] . These examples demonstrate that the uncoupling of normal β-catenin regulation from Wnt signaling control is an important event in the genesis of many cancers.
It has become increasingly common to view cancer as a "stem cell" disease (see [39] ). In the colon, loss of TCF4 or Dkk over-expression promotes loss of stem cells in the colon crypt, indicating that Wnt signaling is required for maintenance of the stem cell compartment [40] [41] [42] . Wnt signaling may therefore be a fundamental regulator of stem cell choices to proliferate or self-renew.
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